Abstract-A wheel-propeller-leg integrated amphibious robot is presented as a new type of robot, which can both crawl on land and swim underwater in certain depth or creep on ocean floor. The multi-locomotion models and compound-mobile mechanism are the main traits of the amphibious robot. The motion principle of the wheel-propeller-leg integrated driving mechanism is analyzed, and the multi-objective optimization theory and algorithm are adopted for the comprehensive optimization of the driving performance of both crawl and swim, as a result, the optimized parameters of the driving mechanism are obtained. The simulation results from the virtual prototype prove that the wheel-propeller-leg integrated driving mechanism be endowed with good performance in the comprehensive locomotion, which ensure the amphibious robot fit for unstructured environment in some extent.
INTRODUCTION
Amphibious robot is a kind of special mobile robot, which can realize the certain movement both on land and in water. According to the driving mechanisms and moving styles, amphibious robot in being can be defined as two types: single-driving model and compound-driving model. Amphibious robot with single-driving model, such as the multi-legged type, undulatory type, wheeled type and tracked type, is hard to meet the needs of locomotive speed, obstacle negotiation, maneuverability and stability at the same time. In order to realize the high performance of hybrid locomotion both on land and in water, the development of new type of compound-driving mechanism becomes to be an emphasis in the research of amphibious robot [1~3] .
The wheel-propeller-leg integrated amphibious robot in developing is seen as the study object in this paper. According to the uncertain environment in which the amphibious robot works, a new type of wheel-propeller-leg integrated driving mechanism is proposed, which can make the robot both crawl on land and swim underwater in certain depth or creep on ocean floor. Crawl and swim are the two typical models of movement. There is no doubt it is a severe challenge for the wheel-propeller-leg integrated driving mechanism to meet the needs of high locomotive performance in the two different models.
Based on the analysis of motion principle about the wheelpropeller-leg integrated driving mechanism, the mathematic models or the approximate models for obstacle negotiation, normal crawl and swim of the wheel-propeller-leg integrated driving mechanism are created. The multi-objective optimization theory and algorithm are adopted for the comprehensive optimization of the driving performance of both crawl and swim, and the optimized parameters of the driving mechanism are obtained. Simulation results from the virtual prototype in ADAMS and CFX prove that the wheelpropeller-leg integrated driving mechanism be endowed with good performance in the comprehensive locomotion, which ensure the amphibious robot have good adaptability for unstructured environment.
II. MOTION PRINCIPLE AND REALIZATION OF DRIVING

MECHANISM
Compound-driving mechanism is a new type of mobile mechanism, which is developed from the advantages of two or more than two styles of moving mechanisms, so this mechanism has good adaptability for unstructured environment. Considering of the common mobile modes and characters of amphibious robot both on land and in water, the integration of propeller that common used underwater and wheel-leg that generally applied by robot on land, is presented as a new type of driving mechanism in this paper. Based on the theory of bionics, the wheel-propeller-leg integrated amphibious robot moves in the hexapod crawling mode under the direction of hexapod animals. The main body of this robot is composed of two parts: the front body and the back body. A flexible and controllable body joint driven by a motor-reducer system connects the two parts together, which can improve the performance of obstacle negotiation when the robot moves on land. Moreover, the body joint can be used to control the status of pitch when the robot swims in water by changing the angle of the front body. Fig.1 shows the wheel-propeller-leg integrated driving mechanism and body model of amphibious robot.
When the robot crawls on land, the wheel-propeller-leg integrated driving mechanism is mainly used as the wheelleg device. According to the tripod gait of hexapod animals, the robot can go ahead or fall back with the corporation of the wheel-propeller-leg integrated driving mechanism, shown in Fig.2 (a) . Driven by the rotary joint, the wheel- 
III. MULTI-OBJECTIVE OPTIMIZATION DESIGN OF DRIVING
MECHANISM
The hybrid performance of locomotion about the amphibious robot is influenced by so many factors. Except for the structure form of main body of the robot, the geometrical parameters of the wheel-propeller-leg integrated driving mechanism are also great matters. But the principle of action to the driving capacity is different from each other. The traditional design methods always depend on the experiences, through adjusting the single parameter in the design circle to find the optimized results. The problem is the coupling relations among the parameters are often ignored, so the results are not the global optimization generally. In order to find the global optimized parameters for the hybrid locomotion of the robot, mathematic models or approximate models in different mobile states are set up, and multiobjective optimization methods are adopted in the platform of integrated software iSIGHT. As a result, the optimized design parameters are obtained.
A. Models of the objective functions
The amphibious robot can move on land and swim in water basically. But the aim is to make the robot have high performance in the multi-locomotion models, including the capacity of obstacle negotiation, the stability when the robot crawls on land, and the performance of propeller in the swimming model.
1) Obstacle negotiation
Obstacle negotiation is one of main targets of mobile robot adapting for the unstructured environment. The wheelpropeller-leg integrated driving mechanism and the body joint make it possible to have good performance in obstacle negotiation. For optimizing the obstacle negotiation, the mathematic models should be created firstly. The geometrical model of the robot for obstacle negotiation is shown in Figure3 bellow. The position of point P can be expressed through geometrical analysis in the coordinate frame presented in Fig.3 : 
Where R is the radius of the wheel-propeller-leg integrated driving mechanism, and a is the length between the axes of front driving mechanism to the center of body joint, β is the angle between the two legs in each wheelpropeller-leg integrated driving mechanism, moreover β is described as β＝2π(1-β i )/n, in which n is the number of legs or the number of blades in each wheel-propeller-leg integrated driving mechanism.
The coefficient β i is the duty cycle, which is defined as the ratio of legs contacting with land in the whole cycle, so 0<β i ≤1.
To satisfy the high performance of obstacle negotiation and the speed-ability during the climbing obstacle, the objective functions are expressed as follows:
Locomotive stability is another important factor to adjust the performance of mobile robot. In static state, the structure design of robot body can meet the need of static stability. However, parameters of the wheel-propeller-leg integrated driving mechanism and the programming of tripod gait will decide the dynamic stability during the crawl course. In this paper, the dynamic stability is expressed by the change of center-of-mass of the robot in vertical direction.
The amphibious robot adopts the tripod gait to crawl, which is illumined from the hexapod animals. If the duty cycle β i satisfy: 0.5<β i ≤1, then according to the principle of tripod gait, there will be at least three legs contact with land synchronously. That is to say there is no change of the center-of-mass in vertical direction, so it is dynamic stability at this time. If 0<β i ≤0.5, then in a locomotive cycle, the length of duty arc of each wheel-propeller-leg integrated driving mechanism can be expressed as follows:
The length of empty arc of each wheel-propeller-leg integrated driving mechanism can be written as follows:
l e =2(1-β i ) πR/n According to the principle of tripod gait, the total length of empty arc in a locomotive cycle is described as follows:
Δl=( l e -l o )/2 Therefore, the total angle corresponding to the empty arc is:
θ=Δl/R So the change value of the center-of-mass can be obtained by analyzing the geometrical polygon of the wheelpropeller-leg integrated driving mechanism.
ΔH=R-Rcos(θ/2) As a result, the objective functions for the dynamic stability when the robot crawl on land is expressed as follows:
It is difficult to obtain precise models of the robot and the wheel-propeller-leg integrated driving mechanism according to the existing methods and theory in the complex hydrodynamic environment. When the robot is swimming, the wheel-propeller-leg integrated driving mechanism is mainly acted as propellers. So according to the correlative theory of propeller design, the thrust from the wheelpropeller-leg integrated driving mechanism is the function of geometrical parameters of the propeller, such as the pitch diameter ratio and the expanded area ratio. Unlike other optimizing problem, the issue of this compound-mobile mechanism extensively relies on commercial software, and the objective function is the maximum of thrust from the single propeller. The whole procedure of developing the integrated software platform includes CAD modeling software in which a fully parameterized propeller model is made, and CFD software that solves the propeller's thrust. By using the software named as iSIGHT, the data transition from CAD model to CFD model has been achieved autonomously. The design variables have been changed in iSIGHT which also controls the execution of these software packages. Fig.4 shows the flow of propeller modeling. 
B. multi-objective optimization design
The wheel-propeller-leg integrated driving mechanism is a new type of compound-mobile mechanism in multilocomotion modes. The aim of optimization of this mechanism is to make the robot have good performance in hybrid movement. Based on the analysis above, the multiobjective function of this mechanism can be obtained as follows by coupling equations (1) Furthermore, the hybrid locomotive performance of the amphibious robot after optimization is shown below:
The correspondingly maximal height of obstacle crossing is ΔY=227mm, moreover the maximal height of obstacle negotiation is Y=ΔY+R=227+110=337mm. The speed-ability is expressed by the displacement change of the point P in forward direction: ΔX=21.69mm. The crawl stability of the robot in tripod gait programming is described as ΔH=0.6mm. When the robot swims underwater, the thrust from the single propeller in certain rotary speed is F=7.37N.
IV. SIMULATION EXPERIMENT
The kinematics and dynamics of the amphibious robot are different from each other in different locomotive modes. Based on the optimization results of the driving mechanism, the locomotive performance both on land and in water are simulated and analyzed in the mechanical dynamic software called ADAMS and hydrodynamic software named as CFX respectively.
In ADAMS platform, the virtual prototype of the amphibious robot and its environment are set up, and the simulation studies are carried out aiming at the crawl of the robot on land. The start time of simulation is the initial time that the robot meeting obstacle. The body joint begin to rotate in certain angular velocity, and reach to the maximal height of obstacle negotiation that allowed by the body structure. So the simulation curves of obstacle negotiation performance are shown in Fig.5(a)(b) . The curve about crawl stability of the robot in tripod gait programming is shown in Fig.5(c) . In the CFX environment, the simulation model of optimized single propeller is created, shown in Fig.6 (a) . The value of thrust in certain rotary speed can be obtained through hydrodynamic calculation. Fig.6 (b) is the graph of flow field distribution about the propeller in CFX.
According to the simulation results, the correspondingly maximal height of obstacle negotiation is up to 199.37mm, which is a little lower than the value of calculation. The gait of the robot in climbing obstacle is the main reason to this phenomenon. The speed-ability is described by the maximal displacement change whose value is about 16.57mm, which is in the error band of the calculation value. In the programming of the tripod gait, the variation of the centerof-mass about the robot in vertical direction is about 0.67mm, which is accordant to the calculation value wonderfully. A wheel-propeller-leg integrated amphibious robot is introduced to the reader as a new type of robot. Based on the analysis of the locomotive principle and traits of the wheelpropeller-leg integrated driving mechanism, the multiobjective mathematic models about the obstacle negotiation, normal crawl and swim of the wheel-propeller-leg integrated driving mechanism are created. The multi-objective optimization theory and algorithm are adopted for the comprehensive optimization of the hybrid performance of both crawl and swim, and the optimized parameters of the driving mechanism are obtained. Simulation experiments are carried out in ADAMS and CFX. The results prove that the wheel-propeller-leg integrated driving mechanism have good performance in multi-locomotion, which ensure the amphibious robot adapt for unstructured environment basically.
